Introduction

Steel fiber and matrix made of selfcompacting concrete
Self-compacting concrete (SCC) can be placed and compacted under its own weight with little or no compaction.
It is cohesive enough to be handled without segregation or bleeding. It can be used to facilitate and ensure proper filling of complex and multipart formworks and consequently offers good structural performance in heavily reinforced structural members. Modification in the mix design of self-compacting concrete may significantly influence the material's mechanical properties. Steel fibers can improve many of the properties of SCC elements including tensile resistance and crack control, ductility, toughness, energy absorption capacity, and resistance to fatigue. In the fresh state, steel fiber reinforced self-compacting concrete (SFRSCC) homogeneously spreads due to its own weight, without any additional compaction energy, due to filling and passing ability, as well as segregation resistance. In the hardened state, the addition of fibers to brittle cementitious matrix mostly contributes to the improvement of the impact resistance and the energy absorption capacity [1] . Steel fiber reinforced concrete (SFRC) resists tensile forces through a composite action of the matrix and the fibers. A part of the tensile force is resisted by the matrix, while the other part is resisted by the fibers. Each of these resistances are determined by the stress transfer at the fiber-matrix interface, which is achieved by the bond defined as the shear stress acting at the interface. Before any cracking has taken place, elastic stress transfer is dominant. At more advanced stages of loading, debonding across the interface usually takes place, and frictional slip governs the stress transfer at the interface. Therefore, the mechanical properties of SFRC, especially its tensile strength, tensile stress-strain curve, and toughness, are influenced by the bond characteristics at the fiber-matrix interface [2] [3] [4] [5] sensitively. Accordingly, it is necessary to study the bond properties between the matrix and fiber prior to examining the various mechanical properties of SFRC [6] . The bond characteristics depends on several factors including the orientation of the fibers relative to the direction of the applied load, embedded length of the fibers, shape of the fibers, and strength of the matrix. Many researches concerning bond properties have been conducted to reveal the effects of the parameters related to fiber geometry or strength of the matrix [7] [8] [9] [10] [11] [12] [13] [14] [15] . Several models to predict the pullout behavior of fibers have been proposed [16] [17] [18] [19] [20] [21] so far. However, the inclination angle of a fiber in a cementitious matrix has a strong influence on the pullout resistance. Although several researchers have performed experiments to investigate the effect of the fiber inclination angle, the focus was mostly on the peak pullout load. Thus, its effect is still disputable [4, [13] [14] [15] . It is generally agreed that the effect of fiber inclination angle on the pullout load and pullout energy totally depends on the fiber aspect ratio (ratio of fiber length to equivalent fiber diameter), fiber shape (straight, hooked, corrugated etc.), and material properties such as yield strength whether the fiber material is metallic or synthetic [6] . Based on the choice of criterion which is used for the fiber-matrix interfacial debonding, the theoretical analysis of the fiber pullout problem can be classified into two distinct approaches: strength based and fracture mechanics based approaches. Theoretical models based on the former approach use maximum interfacial shear stress as the interfacial debonding criterion. Therefore, when the interfacial shear stress exceeds the interfacial bond strength, debonding is supposed to occur. On the other hand, in the theoretical models based on the concepts of fracture mechanics, the debonded zone is considered as an interfacial crack, and the extension of the crack depends on the energy criterion that should be satisfied [22] .
Deformed reinforcing steel bars embedded in steel fiber reinforced self-compacting concrete
An overview of the practical applications of SFRC shows that depending on the type of structure, the use of the steel fibers can either reduce the required amount of conventional steel reinforcement or in some cases replace it altogether, while maintaining satisfactory performance of the structure [23] . Steel-concrete composite floors, reinforced concrete floors supported by columns or walls and floors on an elastic foundations belong to the category of structural elements in which the conventional steel reinforcement can be partially replaced by the use of SFRC. In these cases the use of steel fibers is in-tended to reduce opening of creep and shrinkage cracks and to increase the speed of construction works. Steel reinforcement is still needed there to guarantee sufficient deformation capacity and load carrying capacity at the supports. Besides the traditional use of fibers for controlling cracks in e.g. slabs and toppings, examples can be given of fiber application for load-bearing purposes. Research affirms the possibility of using fibers for structural repairs, ductile beam-column connections [24] or shear reinforcement, e.g. in order to replace conventional (web) reinforcement in I-shaped girders [25] . Also in case of prefabricated tunnels, it is possible to eliminate conventional (bending) reinforcement if SFRC is used, provided that the bending moments re-main low. However, with respect to force distribution in tunnel structures it is important to note that, under some geological circumstances or exceptional loading situations, it is possible to find sections where stresses due to bending dominate the stress distribution and even absence of a normal force is possible. In such cases it is not feasible to apply steel fibers as main reinforcement. Therefore, in order to provide a general structural solution for future tunnel planning it is often suggested to combine the best properties of both steel fibers and ordinary steel reinforcement. This approach results in a combination of steel fiber reinforcement and conventional steel reinforcement.
The number of applications of SFRC increased over the past few years. However, SRFC can be efficiently and safely applied in a wide variety of structures provided that it is fully clear in which way the use of SFRC contributes to the resistance of the structure to the applied load, both in terms of load carrying capacity and deformability. Considering that frequently a combination of both types of reinforcement is applied (e.g. conventional steel reinforcement used as main reinforcement and steel fibers used as detailing reinforcement or for durability purposes), the behavior of structural elements, which combine both types of reinforcement, should be thoroughly investigated.
If the design of civil engineering structures has to be cost saving, an optimum between both types of reinforcement has to be aimed at. This can be achieved by keeping the main reinforcement of a conventional type as simple and as effective as possible and supplementing it with steel fiber reinforcement added in adjusted quantities and tuned to specific load cases [26] . When discussing deformation capacity of structural elements or civil engineering structures manufactured using SFRC, one must be able to describe thoroughly both the behavior of the concrete matrix reinforced with steel fibers and the interaction between this composite matrix and discrete steel reinforcement of the conventional type. Yet, even though the knowledge on bond behavior is essential for evaluating the overall behavior of structural components containing reinforcement and steel fibers, information is hardly available in this area.
Research significance
• Although the available research concerning the influence of steel fibers on the properties of SFRSCC is limited, this research investigates the bond characteristics between steel fiber and the matrix made of SCC. The objectives of the present research are: (a) modifying the aligned fiber pullout model based on the available experimental results of SFRSCC; (b) proposing a fiber pullout model allowing for the fiber inclination utilizing the available experimental results; (c) including the influence of the different fiber types (smooth, hooked), fiber inclination and fiber embedment length influence in the fiber pullout models.
• For bond behavior is essential for evaluating the overall behavior of structural components containing reinforcement and steel fibers, the another main objective of this study is to analytically evaluate the development strength of reinforcing bars in tension by incorporating a local bond-stress slip law derived more accurately using SFRSCC experimental results. Based on the results of this analytical study and available experimental data, a design expression 
Database for bond characteristics of the SFRSCC experimental tests
The experimental results included in the database are developed mainly from Grünewald [27] , Holschemacher and Klug [28] , Cunha [29] , and Schumacher [30] studies. It includes information regarding the composition of the mixtures, fresh properties of SFRSCC and testing methodology and conditions. However, it should be emphasized that this aspect has not been investigated as broadly as the other aspects of SFRSCC therefore the published experimental data is still not very extensive [31] .
Using experimental data results from different sources can frequently be problematic for the following reasons: (a) there is often insufficient information regarding the exact composition of the concrete mixtures; (b) the size of the specimens, curing conditions, and testing methodology vary between the different investigations and, in some cases, this information is not fully indicated; (c) in many cases it is difficult to extract the relevant experimental values because the published results are incomplete or presented in graphical form and the data values have to be extrapolated. Table 1 presents a general summary of the fiber shape (smooth or hooked-end), fiber length ( ) and diameter ( ), outer radius of the matrix cylinder , tensile strength of fiber, compressive strength of concrete ( ), inclination angle, fiber type, cement type, filler type and embedment length ( ).
In Table 2 , the Grünewald [27] experimental results are summarized. It includes the peak pullout force, the average force (the length of the hook is equal to the displacement which fiber requires to completely enter the straight channel) and the average frictional force (up to the slip at which the load rapidly dropped to zero). In addition, it includes different types of fiber, embedded lengths, types of concrete (SCC or conventional concrete (CC)) and compressive strengths (45, 65, 105 MPa).
In Table 3 , the Holschemacher and Klug [28] experimental results are included. It summarizes the peak pullout force, slip at peak pullout force for different types of fiber (long and short end hook, smooth, / = 50 and / = 62.5), concrete ages (3 days, 7 days and 28 days) and concrete types (SCC or CC). In Table 4 , the Cunha [29] experimental results including the peak pullout force, slip at peak pullout force for different types of fiber (hooked and smooth), inclination angle and embedment length are summarized. In Table 5 , the Schumacher [30] experimental results, the deformation controlled pullout tests are presented for on reinforcing bars embedded in plain and fiber reinforced selfcompacting concrete over a short embedment length. The influence of the following parameters on the bond behavior is investigated: fiber volume, fiber aspect ratio, concrete cover, way of manufacturing (cast and sawn specimens) and concrete compressive strength. Pullout tests performed on single 10 mm diameter ribbed bars embedded along three times the bar diameter (i.e. 30 mm) in 200 mm cubes. From investigation conducted by Aslani and Nejadi [31] on the bond characteristics of SFRSCC experimental tests, the following conclusions can be derived: a) the maximum pullout force and the average force within the length of the hook of SCC are significantly higher than CC. The frictional resistance was also larger in most cases but a few results were found to be lower; b) the compressive strength of concrete influences the pullout loads but not in the expected order of magnitude. That means by increasing the concrete age and consequently the compressive strength the ultimate load increases as well; c) the influence of the inclination of the end hook seems to be more effective than the compressive strength of SCC; d the slip at peak pullout force increases with the inclination angle for both hooked and smooth fibers; e) in the larger cross-sectional area under stress, fiber with lower aspect ratio ( / ) shows higher pullout loads than fiber with higher aspect ratio in SCC mixtures; f) the bond behavior of fibers embedded in SCC is more efficient than of those fibers embedded in CC; g) in SCC, for both hooked and smooth aligned fibers, the configuration of the pullout load-slip curve was similar (regardless the fiber embedded length). However, the peak load and the dissipated energy increases as expected; h) in the case of aligned fibers the influence of lb is more significant on the smooth fibers, while relatively small increments are registered for the hooked end fibers; i) for both hooked and smooth fibers the highest maximum pullout load is observed for an inclination angle of 30°. However, the increase of the maximum pullout load with the inclination angle is more significant on the smooth fiber types; j) for SCC without fibers the direction of the casting pullout test specimens does not significantly influence the bond stress-slip relationship; k) the addition of steel fibers slightly influences the bond behavior in case of pullout bond failure and is expected to have a pronounced effect in case of splitting bond failure.
Modeling of bond steel fiber and matrix made of SCC
Overview of the theoretical steel fibermatrix pullout models
Cox [32] has developed the first strength-based analytical model to describe the transfer of the stress between fiber and matrix. This model assumes that the tensile stress in the matrix is negligible if compared to those in the fiber and the shear stresses in the fiber. In addition, the shear stresses in the fiber are small compared to those in the matrix. Assuming compatibility of the fiber and matrix displacement at interface, i.e., no slip, Cox [32] derived analytical expressions for the axial stress distribution in the fiber and the shear stress distribution at the interface. Greszczuk [33] was the first to derive an interfacial debonding criterion using the shear-lag theory. The analytical model by Greszczuk [33] was also based on similar assumptions as Cox [32] , but later postulated that at the instant when the shear strength of the interface is first attained, catastrophic debonding would occur over the entire embedded length of the fiber. However, in reality, debonding may be limited to the zone in which the elastic shear stress exceeds the adhesional shear bond strength and in those circumstances, the process of load transfer will comprise the frictional shear transfer at the debonded zone and elastic shear transfer over the remaining length of the fiber. Greszczuk's model [33] did not include the possibility of the existence of frictional bond, which constituted a major limitation of the model. Thus, his solution did not consider the stabilization of the debonding process that may take place due to the existence of frictional shear bond at the debonded interface. Further, Lawrence [34] extended the theory developed by Greszczuk [33] by taking into account the process of progressive debonding of the fiber-matrix interface. He suggested that the maximum fiber pullout load would occur at the instant when debonding of that part of fiber length where the elastic bond is still intact takes place in a catastrophic manner. The model developed by Lawrence [34] includes the effects of both the interfacial elastic shear stresses and the frictional shear stresses, and it recognizes the conditions for either a gradual, or an instantaneous debonding of the interface. He has shown that the form of the distribution of the shear stress and the load along the fiber length depends upon the elastic properties of constituents and the fiber embedded length. In this model, interfacial frictional shear stresses over the entire debonded zone were assumed to remain constant. Gopalaratnam and Shah [35] with regard to interfacial shear-stresses made similar assumptions to those made by Lawrence [34] to obtain the solution to the fiber pullout problem. Thus, this model takes into consideration the following: the existence of interfacial elastic shear stresses prior to the inception of fiber-matrix interfacial debonding, the existence of both the interracial elastic shear stresses and the interfacial frictional shear stresses when the fibermatrix interface is partially debonded, and the existence of interracial frictional shear stresses after the fiber-matrix interface has completely debonded and is pulling out. Models developed by Gopalratnam and Shah [35] , Nammur et al. [36] , Gopalaratnam and Cheng [37] , Stang et al. [38] also took into account the combined stress transfer mechanisms. It is apparent that the shear stresses (both elastic and frictional) that develop parallel to the fiber-matrix interface are of extreme importance in controlling the fibermatrix stress transfer mechanism. However, stresses and strains may also develop normal to the fiber-matrix interface as a result of Poisson's effect, volume change, and multiaxial loading. They may induce considerable variations in the resistance of frictional slip, which is sensitive to normal stress. A comprehensive approach to the stresstransfer problem therefore requires simultaneous treatment of all the above-mentioned effects, including elastic shear transfer, frictional slip, debonding and normal stresses and strains. Analytical models developed by Takaku and Arridge [39] and Hsueh [40] [41] [42] are more comprehensive than the previously cited models since these models take into consideration the influence of Poisson's contraction of the fiber on the pullout test. However, these aspects were considered in the analysis only after the occurrence of complete interfacial debonding (i.e., in the fiber pullout case as explained later). Thus, the influence of Poisson's contraction during progressive debonding remained unaccounted, which constituted a major limitation of this model. The model by Hsueh [40] considers Poisson's effect during progressive debonding, however the analysis and the closed-form solutions presented are complex to use. Furthermore, Nammur and Naaman [19] proposed an analytical model of the bond at the interface between steel fibers and cementitious composites, assuming an idealized bond-slip relationship. The assumed relationship is bilinear and elastic-perfectly frictional. This model was limited with bond stress in the interface and does not deal with the pullout behavior. Naaman et al. [20] proposed an analytical solution for the bond behavior using the relationship between the bond behavior curve and the shear stress-slip curve at the interface. The authors also adopted values of the post-debonding frictional stress on the slip based on experimental results instead of the constant value assumed in Nammur and Naaman [19] . The fiber pullout model introduced by Nammur et al. [36] is a cohesive interface type model. A cohesive interface type model assumes that only relative displacements between the fiber and the matrix can activate the stress transfer at the interface. Also, in these types of models the interfacial traction is described as a function of the displacement discontinuity, and since there exists a unique relationship between interface traction and interface displacement discontinuity, it is not required to distinguish between the debonded and bonded interface. Since the interfacial bond due to chemical adhesion is not slip induced bond, the application of the assumed bond stress versus slip relationship in this model is limited to the cases where chemical adhesion is negligible. The other major limitation of this model is that it assumes a constant value of interfacial shear stress at the debonded face. Applying the bond stress versus slip constitutive relationship to a cylindrical fiber-matrix coaxial pullout model, relationships were derived for interfacial shear stress distribution, axial shear stress distribution, and fiber displacement at the various stages of pullout loading. Applying the shrink-fit theory to the problem and hypothesizing that the radial misfit between fiber and matrix decreases as fiber is pulled out of the matrix, Naaman et al. [20, 21] modified the previously developed model by
Nammur et al. [36] . It has been shown that as the fiber pulled out from the matrix, the interfacial frictional shear stress at the debonded interface decreases as a result of the decrease in radial misfit. Numerous studies have been also conducted on deformed fibers with different shapes, such as hook-shaped fibers, and analytical models were proposed by Alwan et al. [43] , Chavillard [44] , and Sujivorakul et al. [8] .
The above discussion brings to attention the inadequacy of the existing fiber pullout models, and also the fact that a need exists for a model that realistically captures the physical phenomenon occurring during the process of fiber pullout. To model the pullout behavior of steel fiber in SFRSCC, this study applies the progressive debonding model for fiber pullout proposed by Dubey [22] , which appears to be the most suitable model for this composite. This fiber pullout model considers the evolution of the interfacial coefficient of friction during the process of fiber pullout. Additionally, the proposed model takes into account the following aspects that are either considered or ignored in the earlier models: 1) dependence of the initial debonding stress on the embedded fiber length; 2) radial dependence of the axial stress in the matrix; 3) explicit inclusion of the interfacial properties such as the contact stress' and the coefficient of friction; 4) poisson's effect (in the event of a debonded fiber). The Dubey's [22] model is briefly described below. This model has been explained in detail in Dubey [22] . Consider a fiber of radius and Length L embedded at the centre of the matrix coaxial cylinder with inner radius a and outer radius . A cylindrical coordinate system is selected so that the z-axis corresponds to the fiber axial direction and r-axis corresponds to the radial direction. The embedded end of the fiber is located at = 0, and the other end where the fiber exits the matrix is located at = L. The exit-end of the fiber (i.e., at = L) is subjected to the tensile stress σ 0 . Both fiber and matrix are assumed to be elastic. Recall that transfer of the stress between the fiber and the matrix is via interfacial shear stresses (see Figure 1 ). In this model, the entire pullout process can be divided into three stages:
1. As shown in Figure 1 , fiber completely bonded along it's length: during stage 1, fiber and matrix displacements at the interface remain compatible, and the resistance to fiber pullout is derived from the adhe- sional shear stresses at the interface. At the end of stage 1, debonding of the interface is initiated at the location where the fiber enters the matrix. Closed-form solutions are derived for the fiber axial stress distribution and the interfacial shear stress distribution along the fiber length, the fiber displacement, and the initial debonding stress (i.e., the fiber pullout stress required to initiate interfacial debonding). The closed-form solution for the initial debonding stress is derived based on a maximum shear stress criterion. This solution indicates that, among other factors, the initial debonding stress depends upon fiber length and fiber elastic properties. At the end of stage 1, interracial debonding initiates at the location where the fiber enters the matrix [22] . 2. Figure 2 shows that, fiber partially bonded along its embedded length: During stage 2, progressive debonding of the interface is initiated at the location where the fiber exits the matrix. The adhesional shear stresses at the bonded interface and the frictional shear stresses at the debonded interface resist the fiber pullout. At the end of stage 2, the fiber is completely debonded along its embedded length. The influence of Poisson's contraction of fiber is taken into consideration in the analysis. It is shown that for any debond length, the fiber pullout stress is a summation of two components, the one arising due to the adhesional shear bond and the other arising due to the frictional shear bond. Closed-form solutions are derived for fiber axial stress distribution over the bonded and the debonded interfaces, interfacial adhesional shear stress distribution over the bonded interface, interfacial frictional shear stress distribution over the debonded interface, fiber pullout stress versus debond length relationship, and fiber displacement versus debond length relationship. It is demonstrated that debonding process becomes catastrophic at the instant when the fiber pullout stress begins to drop with increase in debond length. This condition is satisfied when the difference between change in the frictional component of pullout stress and the adhesional component of pullout stress resulting due to change in debond length becomes equal to zero. A closed-form solution is derived to calculate the catastrophic debond length, given the mechanical properties of constituent materials, the interfacial properties and the geometry of the pullout specimen. Closed-form solutions are also derived to calculate the peak pullout stress and the displacement corresponding to the peak pullout stress [22] . Figure 3 , fiber completely debonded over its embedded length and is pulling out: At the end of stage 2, pullout of the fiber is initiated, and thereafter, the interfacial frictional shear stresses resist the pullout of fiber from the matrix. Closed-form solutions are derived for fiber axial stress distribution, interfacial frictional shear stress distribution, fiber pullout stress, and fiber displacement at different stages of pullout process.
As shown in
The Dubey's [22] model is capable to take into account the evolution of the interfacial properties during the pullout process. This model captures the essential features of the pullout process, including the progressive interfacial debonding and Poisson's effect in the event of debonded fiber.
Calibration of the pullout model for bond characterization of SFRSCC
By using database for bond characteristics of SFRSCC experimental results as shown in Tables 1-4 , the interfacial properties are calibrated. The coefficient of friction versus pullout distance relationship was calculated from Equations 3-10) as shown in Figure 3 . In these equations, the interval between 1 and 2 was chosen as 0.5 mm. Work of fiber pullout, W , when fiber pullout displacement increase from 1 to 2 can be calculated as following:
where 1 and 2 are the rigid body displacements of the fiber in a pullout test, P 1 and P 2 are the pullout load corresponding to the pullout distance 1 and 2 , respectively. The evolution law for the coefficient of friction can be described by the following equation:
where µ is the initial coefficient of friction, µ is steady state value of the coefficient of friction attained at large pullout distances and is a constant that governs the rate at which coefficient of friction decreases exponentially with increase in pullout distance [22] . By using experimental results of the database the coefficient of friction models for smooth and hooked fibers by considering normal or high strength SCC are proposed as shown in Table 6 . The coefficient of friction versus pullout distance curves obtained using equations in Table 6 for smooth and hooked fibers with different lengths (15 mm Table 7 compares the Grünewald [27] experimental results including the measured peak pullout force with the predicted peak pullout force by utilizing the proposed coefficient of friction in the modified Dubey model [22] . As shown in Table 6 , proposed model demonstrate a good agreement with the experimental results. In addition, Figure 8 compares the Holschemacher and Klug [28] experimental results including the load-slip curves and the predicted curves by using the proposed model for smooth and hooked fiber.
Calibration of the pullout model by allowing for the effect of fiber inclination angle in the bond characterization of SFRSCC
Modeling was implemented through a comparison of the pullout test results according to change of the inclination of the fibers. Modeling for the bond behavior of inclined fiber is based on the pullout model for the aligned fiber (as shown in Figures 1-3) . The modeling of the bond behavior for inclined fibers considers the variation of load due to the snubbing effect and matrix spalling effect assumed that the fiber inclination angle (φ) is equal to zero (in the case where the fibers are not positioned in the tensile load direction and are inclined, the bridging force will be increased, this phenomenon is called the 'snubbing effect' [6, 15, 45, 46] . This is accomplished by introducing the apparent bond strength (τ ( ) , τ ( ) ) which is illustrated as a function of the inclination angle φ. In addition, increase in the slip displacement is reflected by multiplying the corresponding slip to φ = 0 by the coefficient β, which is also a function of the inclined angle φ. Table 8 gives the values of τ ( ) , τ ( ) and β obtained through the comparison with the Cunha [29] experimental results in the database for each fiber inclination angle, as well as the corresponding P . However, in this study, τ ( ) is equal to τ ( ) for each fiber inclination angle, since τ and τ are the same for the aligned fibers. Furthermore, the Levenberg-Marquardt algorithm is selected for the nonlinear regression analysis to fit the test results with the parameters τ ( ) and τ ( ) . A parameter study is also performed to minimize the sum of squares of errors, as shown in Equation (3).
where is the number of data sets, P is the measured pullout load from the pullout tests, and P = σ 0 A is the calculated pullout load from Equation (2)-(refeq:11) as shown in Figure 2 including the parameters τ Tables 4 and 8 where U ( ) denotes the peak slip displacement corresponding to the peak load with the inclination angle φ and U (0) is the peak slip displacement corresponding to the peak load for the aligned fiber.
Primarily, this study attempts to express τ ( ) , τ ( ) and β as a function of φ based on the results of Table8. To express these quantities as a function of φ, an allowance for the snubbing and matrix spalling effects in P is made. The snubbing effect could be defined by the following equation [15, 22, 46] :
where is the snubbing friction coefficient, the value of varies with the type of the fiber and strength of the matrix. The matrix of spalling effect can be considered by the following equation, assuming that load reduction does not occur when φ = 0 and the pullout force does not act on the fiber when φ = π/2.
where is the spalling coefficient and φ is in radians. In order to apply the snubbing and matrix spalling effects to the bond behavior τ can be expressed as a function of φ using Equations (4)-(5) as following: Comparison of the Cunha [29] experimental results for smooth and hooked steel fiber with two different fiber embedment lengths (10 and 20 mm) reveals that the best agreement can be proposed by utilizing Equation (7); and for embedment length 30 mm by utilizing Equation (8) as presented below:
Figures 9-10 compare the shear strengths obtained by using the experimental results and Equation (2)-(5) in Figure 2 . The apparent shear strengths are obtained by using Equations (7) and (8) for three different embedment length (10, 20 and 30 mm).
In addition, U(φ) is defined by the following expression considering both the snubbing and the effect of matrix spalling effects. Figure 9 . Comparison of the proposed apparent shear strengths (Equation (7)) with shear strengths obtained by using the Cunha [29] experimental results subjected to calibration according to inclination angle by using Equations (2)-(11) in Figure 2 . (10) with the experimentally obtained U ( )/U (0) ratios for different inclination angles.
Accordingly, the pullout behavior of inclined fiber can be expressed in three stages and are shown in Figures 1-3 . Equations (11) and (12) represent the stage 1 when fiber completely bonded along the length of the fiber. While Equations (13) to (16) represent stage 2, when fiber partially bonded along its embedded length and finally Equations (17) to (19) correspond to behavior in stage 3 when fiber completely debonded over its embedded length. Apparent shear strengths that reflect the effects of fiber inclination angle, such as snubbing and matrix spalling effects, on both load and slip displacement are adopted in the pulling out procedure.
Stage 1 -fiber completely bonded along the length of the fiber:
(12) Stage 2 -fiber partially bonded along its embedded length:
Bond and frictional components of pullout stress:
The total fiber displacement:
Stage 3 -fiber completely debonded over its embedded length and pulling out:
Interfacial frictional shear stress distribution
Fiber pullout stress:
Fiber displacement: 
Modeling of bond deformed reinforcing steel bars embedded in SFRSCC
Analytical models database for bond of reinforcing steel bars embedded in the conventional concrete (CC) and SCC
From recent studies of Aslani and Nejadi [47, 48] , in the literature, there are several analytical and numerical models that attempt to represent the bond stress response in the steel-concrete interface. Most of these models are based on results of experiments that investigated the concrete compressive strength, concrete cover (C), steel bar diameter, and embedment length. In these studies, empirical equations of Orangun et al. [49] , Kemp In the analysis of reinforced concrete structures, the bond action between steel bars and concrete is often viewed as a bond-slip relationship. This relationship expresses the local bond stress at any location along a bar as a function of the local slip. Numerous bond-slip relationships have been proposed and formulated. However, given that bond-slip relationships are impacted by various factors [56] that vary across bond tests, these proposed models are different [57] . For example, in pullout tests, bond-slip relationships obtained from extremely short specimens are different from those obtained from longer ones. Even in the same specimen, the bond-slip relationship varies with the location along the bar if the free end slip exists. From recent studies of Aslani and Nejadi [47, 48] available bond stress-slip prediction models [59] [60] [61] Figure 12 compares the Cunha [29] load-slip curves from the experiment with the predicted curves obtained from the proposed model using τ ( ) , τ ( ) and β with different fiber inclination angles.
Analytical models database for bond of deformed reinforcing steel bars embedded in SFRC
A thorough survey of existing literature about the bond of ribbed reinforcing steel bars embedded in SFRC was carried out by Bigaj-van Vliet [26] . For pull-out tests with a short embedment length she summarized existing literature on the effect of fiber volume, bar diameter, concrete cover thickness, fiber shape, bar position, bar geometry, matrix strength, embedment length, confinement on bond strength, bond stiffness, bond ductility and failure propagation, and structural response. For tensile element tests, evidences were summarized with regard to the effect of fiber volume, fiber shape, matrix strength on the tension stiffening effect, failure propagation, and structural response. For beam tests, the results of Harajli [62] on the effect of specimen type on bond ductility were reviewed. Noghabai [25] re-ported about tests on thick-walled concrete rings, tie elements and beams on normal and high strength concretes with four types of steel fibers. Table 9 shows the effect of the addition of hooked end steel wire fibers to conventional concrete on the bond strength (STR), bond stiffness (STF) and bond ductility (DUC) in the case of splitting or pullout failure [24, 26, [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] . The following symbols will be used to indicate the tendencies the researchers found for an increased fiber volume fraction for the parameters they investigated:
• ++ significantly increased • + increased • 0 no pronounced difference • nc no clear agreement
• na not available
It is noted that the specimen geometry and way of manufacturing were different or often not well re-ported in the literature and that these factors play an important role for fiber distribution and fiber orientation and thus for the tensile properties of the concrete. The existing studies on the effect of hooked-end steel fibers on the bond behavior of ribbed bars in concrete are hardly comparable due to variations in mechanical and geometrical bar, steel fiber and concrete matrix properties and partly reported contradictory results. Therefore, it was decided to systematically investigate the influence of the addition of different kinds and amounts of steel fibers on the local bond behavior of ribbed bars in SCC [30] .
Proposed analytical model for bond of deformed reinforcing steel bars embedded in SFRSCC
Many researchers have examined relationships be-tween pull-out load and compressive strength. All studies in this area have shown that the bond strength (stress) increases with the compressive strength of concrete. In this regard, ACI 318 [72] proposes that the bond strength is linearly proportional to ( ) 0 5 . It can be easily concluded from the earlier literature that the average bond stress reduces as the embedment length increases due to the non-linear stress distribution that exists between the rebar and the concrete. Another conclusion is that average bond stress decreases with larger rebar diameters. Different explanations exist for the decrease in bond stress due to the larger rebar diameters. In this study, the relationships proposed for the CC and SCC are based on regression analyses using existing experimental data, with the results expressed as Equation (20) . 
Based on the trend of the analytical results, supported with available experimental data, the following Equation (21) is proposed to describe the increase in bond strength due to the presence of steel fiber reinforcement, applicable for both HSCC and NSCC:
Proposed bond-slip relationship of normal strength SCC without steel fiber inside as Equations (22)- (24):
where * is the corresponding slip to the 0.85 τ and is the slip in general. Proposed bond-slip relationship of normal strength SCC with steel fiber inside as Equations (25) to (27):
Proposed bond-slip relationship of high strength SCC without steel fiber inside as Equations (28) to (29):
Proposed bond-slip relationship of high strength SCC with steel fiber inside as Equations (30) to ((31) :
Figures 13 to 17 show comparisons of the experimentally obtained Bond-slip curves (Schumacher [30] ) versus the predicted curves by using the proposed models.
Results and discussions
In this study, Dubey model are used to overcome pervious inadequacies of the existing fiber pullout models. In this study, the evolution of the interfacial coefficient of friction during the process of fiber pullout that is included in this model is calibrated for SFRSCC (see Table 5 ). Also, for the effect of fiber inclination angle is included in this model and this model is calibrated by using available experimental results. As shown in Figures 4-7 the proposed models for coefficient of friction versus pullout displacement by allowing for the type of fibers (smooth and hooked) and compressive strength of SCC (normal and high strength) are in good agreement with the experimental results. By utilizing the proposed models for the coefficient of friction in Dubey [22] pullout model for aligned fiber, this model demonstrates a good capability in predicting the pullout behavior of SFRSCC. Table 6 presents comparison of the obtained Grünewald [27] peak pullout force versus the predicted peak pullout force using the modified pullout model. This modified model shows a good capability when considering different fiber types and compressive strength for SCC. Also, Figure 8 compares the Holschemacher and Klug [28] experimental load-slip curves with the predicted curves obtained by using the proposed model for the different types of fiber (smooth and short-hooked or long-hooked) which proves a good prediction. In the Figure 8 (a) and 8(c), there are a discrepancy in the post-peak part of pullout force versus end slip curves, that make differences between proposed model prediction with the experimental results. These discrepancies are related to test condition and sudden pullout of fibre from the matrix. Figures 9-10 illustrate the proposed τ models when allowing for the different types of fiber and embedment fiber lengths which demonstrate a good agreement with the experimental results. By using the proposed τ and β in the proposed pullout model for inclined fibers which are presented in Equations (11) to (19) , show a good prediction capability for the pullout behavior of SFRSCC. Furthermore, Figure 12 shows that the proposed model has a good agreement with the experimental results in different inclination angles too. Furthermore, Figures 13 to 17 show that the proposed models for bond of deformed reinforcing steel bars embedded in SFRSCC have a good agreement with the experimental results with different strength of SFRSCC, with different fiber volume, and with different concrete cover. For SCC without fibers, Weiße [70] showed that the direction of casting the pullout test specimens does not significantly influence the bond stress-slip relationship. For SFRSCC, however, the direction of casting may influence the fiber orientation and distribution and therefore the pullout behavior. To get an impression of the fiber distribution in the Schumacher [30] tests, the specimens with fibers were sawn open after testing and the number of fibers in an area of 15 × 30 mm next to the reinforcing bar was counted manually at both sides of the bar. Remarkably, no significant difference between the sawn and the cast specimen was observed. Therefore, the values for the sawn and cast specimens were averaged. The addition of steel fibers slightly influences the bond behavior in case of pullout bond failure and is expected to have a pronounced effect in case of splitting bond failure.
Conclusion
Bond steel fiber and matrix made of SCC:
• the proposed models for coefficient of friction versus pullout displacement by allowing for the different types of fiber and strength for steel fiber reinforced self-compacting concrete (normal and high) demonstrate a good agreement with the experimental results. However, the observed decrease in coefficient of friction could be due to the matrix wear and con-sequent smoothening of the interface layer as the fiber pulls out of the matrix;
• Dubey [22] pullout model for aligned fiber is used by calibrating it with the proposed coefficient of friction for steel fiber reinforced self-compacting concrete. This calibrated and modified model reveals good results for the different types of fiber (smooth and hooked) and strength for self-compacting concrete (normal and high);
• In order to take into account the effects of the fiber inclination in the pullout model, apparent shear strengths (τ ( ) ) and slip coefficient (β) are introduced to express the variation of the pullout peak load and the augmentation of peak slip when the inclination angle increases. They are expressed as functions of the inclination angle (φ);
• the proposed pullout model for inclined fibers by utilizing the proposed apparent shear strengths and slip coefficient simulates the experimental pullout load-slip curves accurately for both hooked and straight aligned fibers with different embedment lengths.
Bond deformed reinforcing steel bars embedded in SFRSCC
• the proposed pullout models are simple, rational, and general. The proposed models are covered bond of deformed reinforcing steel bars embedded in SCC and SFRSCC. The results predicted by the model were in very good agreement with experimental results for both NSCC and HSCC, without and with different fiber volume reinforcement;
• proposed models for the bond of deformed reinforcing steel bars embedded in SFRSCC are simple, rational and accurate.
Notations
: fiber radius :
outer radius of the matrix coaxial cylinder in a pullout test geometry : rate at which the interfacial coefficient of friction decays with increase in E : matrix elastic modulus E : fibre elastic modulus :
snubbing friction coefficient L:
embedded fiber length in a pullout specimen :
radial direction in a pullout specimen :
axial fiber direction in a pullout specimen β: slip coefficient φ:
fiber inclined angle σ 0 : fiber pullout stress σ :
fiber axial stress σ : matrix axial stress σ :
matrix axial stress at the interface (i.e., = ) Figure 16 . Comparison of the experimentally obtained load-slip curves (Schumacher [30] ) versus the predicted curves by using the proposed model for (a) = 45, without fiber and concrete cover = 95 and (b) = 45, with fiber "aspect ratio: 80/30" and "fiber content: 60 (kg/m 3 )", and concrete cover = 95. σ 0 : fiber peak pullout stress σ : matrix stress at the surface of coaxial cylinder (i.e., at = ) σ : contact stress at the fiber-matrix interface σ :
contact stress at fiber-matrix interface after Poisson's contraction of fiber σ :
fiber debonding stress τ : matrix shear stress τ :
interfacial shear stress τ :
fiber-matrix interfacial shear strength τ :
interfacial shear stress over the debonded interface τ :
interfacial debond length : catastrophic debond length of interface :
rigid body displacement of fiber in a pullout test 1 :
rigid body displacement of the fiber in a pullout test 2 :
rigid body displacement of the fiber in a pullout test P 1 : pullout load corresponding to the pullout distance, 1 P 2 : pullout load corresponding to the pullout distance, 2 P : measured pullout load from the pullout test U :
fiber displacement when fiber is completely bonded U :
fiber displacement during partial interfacial debonding U : fiber displacement corresponding to peak pullout load : Poisson's ratio of matrix material : Poisson's ratio of fiber material : matrix axial displacement : matrix displacement at the interface (i.e., = ) : matrix displacement at the surface of coaxial cylinder (i.e., at = ) W : Work of fiber pullout when the rigid body displacement of the fiber increases from 1 to 2
